Ligand-gated ion channel receptors mediate the response of fast neurotransmitters by opening in less than a millisecond. Here, we investigated the activation mechanism of a serotonin-gated receptor (5-HT 3A ) by systematically introducing cysteine substitutions throughout the pore-lining M1-M2 loop and M2 transmembrane domain. We hypothesized that multiple cysteines in the narrowest region of the pore, which together can form a high affinity binding site for metal cations, would reveal changes in pore structure during gating. 
Ligand-gated ion channel (LGIC) 1 receptors are responsible for rapid chemical transmission between neurons in the nervous system (1) . Alterations in the response of ligand-gated receptors have profound effects on neuronal activity in the brain. For example, mutations in nicotinic acetylcholine-gated receptors (nAChRs) and glycine-gated receptors have been linked to certain forms of epilepsy and startle disease, respectively (2) (3) (4) . LGIC receptors that respond to acetylcholine, ␥-aminobutyric acid, glycine, or serotonin (5-HT) possess a conserved pair of extracellular cysteines in the N-terminal domain ("Cys loop" receptors) and are composed of five subunits, each containing four putative transmembrane domains (5) . Of these four domains, the second transmembrane domain (M2) lines the majority of the water-filled pore (Fig. 1A) .
The rapid response of LGIC receptors is achieved by the energetic coupling of agonist binding in the extracellular Nterminal domain with a "gate" located 60 Å away in the receptor pore (M2 domain) (6) . Several studies with LGIC receptors suggest that the gate is situated in the middle of the M2 (6 -12) (but see Ref. 13 ). The primary determinants of selectivity appear to be located below the gate, near the cytoplasmic membrane surface. Mutations in the cytoplasmic end of the M2 alter ion selectivity (14 -17) , and several recent studies show that by mutating sites in this region, cation-conducting LGIC can be converted to anion-conducting channels and vice versa (18 -23) . Because permeability of like-charged molecules in LGIC appears to be largely dependent on size, it is believed that the narrowest region of the open LGIC pore coincides with the channel selectivity filter, which is formed by a portion of the M1-M2 loop and the cytoplasmic side of the M2 helix (16, 24) . Consistent with this region being narrow, site-specific mutations in the filter alter conductivity in a manner that depends upon side-chain volume (8, 24) . Thus, the pore of the open receptor can be envisaged as a funnel, with a wide extracellular vestibule that tapers to a constriction at the cytoplasmic side of the membrane, where ion selectivity is determined (25) .
What is known about the extent of movement in the cytoplasmic selectivity filter? The 9-Å three-dimensional structures of open and closed Torpedo nAChRs derived from cryoelectron microscopy appear to indicate a large conformational change upon activation in the region of the cytoplasmic selectivity filter (6, 8) . The more recent 4-Å closed structure places the M2 helices closer (6, 8) , although no comparable high resolution structure exists for the open state. Differences in the rates of methanethiosulfonate (MTS) modification of cysteine-substituted nAChRs in their open and closed states, on the other hand, suggest that the intracellular region of the pore at the level of the selectivity filter is narrow in both the open and closed states (13) .
To better understand the coupling of ligand binding to receptor activation, we sought to determine which regions move in the pore. We took advantage of the metal binding properties of multiple cysteines; a high affinity binding site for divalent metal cations is created when two or more cysteines are in close proximity (ϳ7 Å) and oriented appropriately (26 -29) . Such Cd 2ϩ binding sites have been introduced into other proteins, such as K ATP channels, voltage-gated K ϩ channels, and glutamate transporters (30 -33) . Previously, we determined the structure of the M2 and the location of the gate using cysteinesubstituted 5-HT 3A receptors (9) . Using these cysteine-substituted receptors, we now demonstrate that the selectivity filter of the 5-HT 3A receptor is sufficiently narrow to form high affinity Cd 2ϩ binding sites. We then investigated changes in pore structure using Cd 2ϩ as a probe in cysteine-substituted 5-HT 3A receptors. * This work was supported by a National Institutes of Health training grant (to S. P.), the Legler Benbough Foundation (to S. P.), the Sloan Foundation (to P. A. S.), the McKnight Endowment for Neuroscience (to P. A. S.), and the Fritz-Burns Foundation (to P. A. S.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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EXPERIMENTAL PROCEDURES
Molecular Biology-Cysteine mutants of 5-HT 3A were constructed previously (9) . Four mutants (L8ЈC, G10ЈC, Y11ЈC, F14ЈC) were not tested because they yielded little or no currents when expressed alone (see Ref. 9) . In vitro methyl-capped cRNA was made from linearized cDNA by T3 or T7 RNA polymerase (Stratagene). The quality of cRNA was estimated using an ethidium-stained formaldehyde gel, and the concentration was measured by UV spectrophotometry. Xenopus oocytes were isolated as described previously (34) . Stage V/VI oocytes were injected with a 46-nl solution containing 0.1-10 ng of receptor cRNA. Oocytes were incubated in 96 mM NaCl, 2 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , and 5 mM HEPES (pH 7.6 with NaOH) for 1-7 days at 16°C.
For studies with HEK-293T cells, 5-HT 3A receptor cDNAs were subcloned in pcDNA3 (Invitrogen). HEK-293T cells were cultured in Dulbecco's modified Eagle's medium supplemented with fetal bovine serum (10%), glutamine (2 mM), penicillin (50 units/ml), and streptomycin (50 g/ml; Invitrogen) in a humidified 37°C incubator with 95% air, 5% CO 2 . For electrophysiological recordings, cells were plated onto 12-mm glass coverslips (Warner Instruments) coated with poly-D-lysine (20 g/ml; Sigma) and collagen (100 g/ml; BD Biosciences) in 24-well plates. HEK-293T cells were transiently transfected with cDNA using the calcium phosphate method. Briefly, cDNA was mixed in sterile deionized water with 2.5 M CaCl 2 to a final concentration of 2 ng/l cDNA and 0.25 M CaCl 2 . This was combined 1:1 with HEPES-buffered saline (280 mM NaCl, 10 mM KCl, 1.5 mM Na 2 HPO 4 , 12 mM glucose, 50 mM HEPES, pH 6.9, with ϳ1 N NaOH) and then added to each well. HEK-293T cells were cultured for 16 -32 h.
Electrophysiology-Macroscopic currents were recorded from oocytes with a two-electrode voltage clamp amplifier (Geneclamp 500, Axon Instruments), filtered at 0.05 kHz, digitized (0.1 kHz) with a Digidata 1200 A/D interface (Axon Instruments), and stored on a laboratory computer. Electrodes were filled with 3 M KCl and had resistances of 0.4 -2 megaohms. Oocytes were perfused continuously with a solution containing 96 mM NaCl (Aldrich), 2 mM KCl, 4.69 mM MgCl 2 (free Mg 2ϩ ϭ 3.3 mM), 0.5 mM EGTA, and 5 mM HEPES (pH 7.6 with NaOH) while was voltage clamped at Ϫ80 mV. EGTA was omitted in solutions containing Cd 2ϩ . Programmable pinch valves (Warner Instruments) were used to change the extracellular solution flowing through a small chamber (0.32-cm width). The extracellular solution was connected to ground via a 3 M KCl-agarose bridge.
The whole-cell patch clamp technique (35) was used to record macroscopic currents from HEK-293T cells voltage-clamped at Ϫ40 mV. Borosilicate glass (Warner; P6165T) electrodes had resistances of 1-3 megaohms and were coated with Sylgard to reduce capacitance. Membrane currents were recorded with an Axopatch 200 or 200B (Axon Instruments) amplifier adjusted electronically for cell capacitance and series resistance (80 -100%) before every sweep (once every 60 s), filtered at 2 kHz with an 8-pole Bessel filter, digitized at 5 kHz with a Digidata 1200 series interface (Axon Instruments), and stored on a laboratory computer. Intracellular pipette solution contained 130 mM KCl, 20 mM NaCl, 5 mM EGTA (pH 7.4 with 10 mM KOH), 2.56 mM K 2 ATP, 5.46 mM MgCl 2 (MgATP ϭ 2 mM), and 10 mM HEPES (pH 7.4 with ϳ2 mM NaOH). EGTA was omitted when intracellular Cd 2ϩ was added, and MgCl 2 was reduced to 5.2 mM to keep free MgATP ϭ 2 mM. The external bath solution contained 158 mM NaCl, 2 mM KCl, 0.5 mM EGTA (pH 7.4 with ϳ2 mM KOH), 4.69 mM MgCl 2 , and 10 mM HEPES (pH 7.4 with ϳ2 mM NaOH) to approximate two-electrode voltage clamp solutions but with higher NaCl outside. EGTA was omitted in extracellular Cd 2ϩ -containing solutions. The osmolarity of all solutions was 310 -330 mosmol. Extracellular solutions were delivered through a perfusion manifold (Warner MM-6) that was positioned ϳ50 -100 m away from the cell and regulated by computer-controlled pinch valves (Warner VC-8).
Analysis-The effect of extracellular Cd 2ϩ on 5-HT-induced currents was examined in oocytes using the following protocol: two 5-10-s pulses of 10 M 5-HT (I 1 and I 2 ), 2-3 min of wash, 1 min of Cd 2ϩ (200 M) in the absence or presence of 10 M 5-HT, 2-3 min of wash, and finally two 5-10-s pulses of 5-HT (I 3 and I 4 ) (see Fig. 1, B and C) . Depending upon the mutant studied, times for 5-HT activation (5-10 s, to ensure peak activation) and wash (75-180 s, to allow for complete recovery from desensitization) varied. The percentage inhibition was calculated using the expression (1 Ϫ I 4 /I 2 ) ϫ 100.
The effect of extracellular Cd 2ϩ administration on receptors expressed in HEK-293T cells was studied by first establishing a base-line current response from receptors by exposure to a 2-s 5-HT pulse followed by a 58-s wash (1 sweep) to allow for recovery from desensitization. Receptors were then exposed to 2-s 5-HT ϩ Cd 2ϩ (200 M). This was followed by repeated 5-HT sweeps. Data were normalized by dividing the Cd 2ϩ -modified current by the initial base-line current response (Fig. 3B ). For diltiazem experiments (Fig. 5) . However, two cysteine-substituted receptors, G-2ЈC and S2ЈC, appeared to "coordinate" Cd 2ϩ , which we define as the mechanism by which sulfhydryl groups trap Cd 2ϩ , resulting in the persistent inhibition of 5-HT-induced currents in the absence of applied Cd 2ϩ (Fig. 1, C and E) . Although S2ЈC receptors are inhibited nearly 100% during the co-application of 5-HT and Cd 2ϩ , the extent of persistent inhibition is only ϳ80%. This observation suggests that there are two mechanisms of Cd 2ϩ block, a rapidly reversible component that is relieved upon wash and a much slower component (coordination). There was no detectable increase in basal current after Cd 2ϩ treatment, suggesting the receptors closed completely. A second exposure to 5-HT and Cd 2ϩ did not result in additional inhibition of the 5-HT-induced current for S2ЈC receptors (Fig. 1C) . The EC 50 for G-2ЈC was 1.18 Ϯ 0.01 M (n ϭ 5) before and 1.07 Ϯ 0.03 M (n ϭ 4) after Cd 2ϩ administration and for S2ЈC was 2.21 Ϯ 0.03 M (n ϭ 10) before and 1.91 Ϯ 0.07 M (n ϭ 4) after Cd 2ϩ . Thus, the smaller 5-HT-induced current could not be explained by a large shift in the EC 50 for activation. Two native cysteines exist near the pore of 5-HT 3A receptors, one in the M1 (C270) and one in the M3 transmembrane domains (C316). To examine whether these cysteines contributed to Cd 2ϩ coordination, we studied the effect of extracellular Cd 2ϩ on S2ЈC receptors containing a second mutation (C270A or C316A). Although the gating kinetics of the S2ЈC/C316A double mutant appeared to be somewhat slower than S2ЈC, both S2ЈC/C270A (80% Ϯ 5%; n ϭ 6) and S2ЈC/C316A (88% Ϯ 1%; n ϭ 6) mutants were significantly inhibited after exposure to Cd 2ϩ in the open state. We also examined the possible contribution of the negatively charged glutamate at the Ϫ1Ј position (Glu-1Ј) since it has been shown that acidic amino acids can participate in coordinating Cd 2ϩ in metalloproteins (36) . Both S2ЈC/E-1ЈN (79 Ϯ 3%; n ϭ 6) and G-2ЈC/E-1ЈN (67 Ϯ 1%; n ϭ 6) appeared to bind Cd 2ϩ equally well as S2ЈC and G-2ЈC, respectively. These results suggest that neither the receptor endogenous transmembrane cysteines nor the glutamate at the Ϫ1Ј site contribute to persistent Cd 2ϩ inhibition in S2ЈC and G-2ЈC receptors.
We next investigated whether extracellularly applied Cd and closed (n ϭ 6 -11) states. There was no significant inhibition of S2ЈC or G-2ЈC receptors in the closed state. The asterisk indicates significant difference from wild-type using one-way analysis of variance with Bonferroni post hoc test (p Ͻ 0.05). Other mutants studied that showed no persistent inhibition were D-4ЈC, F3ЈC, K4ЈC, I5ЈC, T6ЈC, L7ЈC, L9ЈC, S12ЈC, V13ЈC, L15ЈC, I16ЈC, I17ЈC, and V18ЈC.
non-conducting, desensitized state that may be structurally distinct from the open and closed states (37) . Although all recordings were performed in Ca 2ϩ -free solutions to slow the rate of desensitization (38), significant desensitization remained during the 1-min stimulation of 5-HT 3A receptors expressed in oocytes. To examine the possible role of the desensitized state in coordinating Cd 2ϩ , Cd 2ϩ was applied during the first 15 s ("early") or the last 15 s ("late") of the 1 min exposure to 5-HT ( Fig. 2A) . Co-application of 5-HT and Cd 2ϩ for the initial 15 s showed robust inhibition during the time of Cd 2ϩ application. For G-2ЈC, some inhibition is relieved as Cd 2ϩ washes out (as evidenced by the "hook" upon removal of Cd 2ϩ ), in contrast to S2ЈC receptors, which do not exhibit this phenomenon. For both G-2ЈC and S2ЈC receptors, Cd 2ϩ applied early produced the same extent of inhibition as when applied during the entire 60-s co-application of 5-HT and Cd 2ϩ (black arrows, Fig. 2B ). By contrast, Cd 2ϩ applied after a large population of receptors had desensitized resulted in significantly less inhibition (Fig. 2, A and B) . In fact, the extent of inhibition due to the late Cd 2ϩ application can be attributed to inhibition of the remaining population of open receptors. If desensitized receptors are protected from modification and we assume that the population of receptors open at the time of Cd 2ϩ exposure are inhibited 80% (as in the early and 1Ј application), we can predict the amount of total inhibition following the late paradigm (white arrows, Fig 2B) . The data agree very well with our ) and recovery from Cd 2ϩ inhibition. The 5-HT-induced current during and after Cd 2ϩ administration is divided by the 5-HT-induced current before Cd 2ϩ (second pulse) and plotted as a function of 5-HT exposure time. E-1ЈC shows a reduction in current when 5-HT is co-applied with Cd 2ϩ but recovers rapidly. G-2ЈC is also inhibited and recovers by the fifth 5-HT pulse. S2ЈC shows ϳ80% inhibition and recovers slowly in the absence of Cd 2ϩ (n ϭ 3-6).
hibited three notable differences from oocytes, 1) faster desensitization (even in the absence of extracellular Ca 2ϩ ), 2) stronger inward rectification (cf. Refs. 39 -41) , and 3) a transient potentiation of the 5-HT-induced current in the presence of Cd 2ϩ (Fig. 3, B and E). Divalent cations (Zn 2ϩ and Cd 2ϩ ) have been reported previously to potentiate (42, 43) and inhibit (44) 5-HT-induced currents through 5-HT 3 receptors. Although the reasons for these differences in 5-HT 3A receptor properties when expressed in oocytes and HEK-293T cells are unknown, the lack of Cd 2ϩ inhibition of wild-type receptors in HEK-293T cells greatly simplified the subsequent analyses and interpretation of data.
Because of the faster desensitization in HEK-293T cells, we developed a different stimulation protocol to study Cd 2ϩ inhibition (see "Experimental Procedures"). As found in oocytes, a brief application of extracellular Cd 2ϩ (200 M) in the open state (10 M 5-HT) inhibited E-1ЈC by ϳ40% but showed rapid recovery (Fig. 3, C and E) . G-2ЈC initially showed ϳ60% inhibition that recovered during five pulses of 5-HT alone (Fig. 3E) . S2ЈC, on the other hand, showed ϳ80% inhibition during exposure to extracellular Cd 2ϩ in the open state and recovered slowly during subsequent 5-HT pulses (Fig. 3, D and E) . S2ЈC receptors exposed to extracellular Cd 2ϩ in the closed state did not inhibit the 5-HT-induced current (not shown), similar to oocytes. Thus, S2ЈC, E-1ЈC, and G-2ЈC receptors expressed in HEK-293T cells retained the same rank order sensitivity to extracellular Cd 2ϩ as observed in oocytes (S2ЈC Ͼ G-2ЈC Ͼ E-1ЈC). S2ЈC was the only mutant to exhibit appreciable longlasting inhibition (Ͼ5 min) in both expression systems. Based on this finding and the observation that Cd 2ϩ showed little modulation of wild-type 5-HT 3A receptors expressed in HEK-293T cells, we investigated in more detail the mechanism underlying Cd 2ϩ inhibition of S2ЈC receptors expressed in HEK-293T cells.
To determine the sensitivity of the S2ЈC receptor to Cd 2ϩ , we studied the effect of 1 M Cd 2ϩ in the open state of the S2ЈC receptor (a dose 200 times lower than initially used to test all cysteine mutants). After a single pulse of 5-HT plus Cd 2ϩ , S2ЈC receptors were inhibited ϳ20%, in contrast to 80% inhibition seen with 200 M Cd 2ϩ (Fig. 3E) . Therefore, to determine the maximal extent of inhibition achievable with 1 M Cd 2ϩ , we used a repetitive pulsing protocol, in which channels were first opened with 5-HT (0.75 s) and then exposed to 1 M Cd 2ϩ in the continued presence of 5-HT for another 2 s. This stimulation paradigm was repeated once every minute until inhibition reached a steady state level (Fig. 4A) . In this manner the decrease in 5-HT-induced current due to Cd 2ϩ inhibition was monitored over time. We found that upon repetitive stimulation, 1 M Cd 2ϩ inhibited 5-HT-induced current to the same extent as 200 M Cd 2ϩ , albeit much more slowly. Testing lower Cd 2ϩ concentrations proved to be difficult since, over the time course of these experiments, we found that 5-HT-induced current decreased upon repeated 5-HT stimulation alone (see Fig.  4B, control) . One possible explanation for this decrease could be disulfide bond formation between the engineered cysteines, although this is unlikely since we observed a similar trend with wild-type receptors (Fig. 3E) , and DTT did not recover the current in S2ЈC receptors. We speculate that this decrease in current is due to the accumulation of receptors in the desensitized state over time. Nonetheless, the ability of S2ЈC to coordinate Cd 2ϩ at low concentrations is consistent with the interpretation that the introduced cysteines form a high affinity metal cation binding site in the receptor pore.
The progressive decrease in 5-HT-induced current at 1 M Cd 2ϩ is well fit with a monoexponential function (Fig. 4A) . If we assume a single-site model for inhibition (which may be an oversimplification of the inhibition, see "Discussion"), then the time constant can be used to estimate the forward rate of Cd 2ϩ inhibition (k 1 ) at S2ЈC. Adjusting for the decrease in current due to 5-HT alone, in five patches k 1 ϭ 1. (45) . Similar to its inhibition of wild-type 5-HT 3A receptors, 100 M diltiazem inhibited nearly 100% of the 5-HTinduced current in the S2ЈC receptor (Fig. 5, A and B) . To examine the effect of diltiazem on Cd 2ϩ inhibition, S2ЈC was opened first with 5-HT, exposed to 5-HT plus diltiazem (100 M), and then exposed to Cd 2ϩ (200 M) in the continued presence of 5-HT plus diltiazem (Fig. 5, A and B) . This protocol was repeated five times followed by a 5-HT pulse to determine the extent of Cd 2ϩ inhibition (see Fig. 5 , A and C). In the presence of diltiazem, the 5-HT-induced current decreased by only ϳ20% after treatment with Cd 2ϩ compared with nearly 60% inhibition observed in the absence of the open-channel inhibitor (Fig. 5, C-E) . Thus, occluding the pore of S2ЈC with Receptors appeared to be modified equally well whether Cd 2ϩ was applied at Ϫ40 mV (89 Ϯ 1% inhibition 1 min after Cd 2ϩ administration; n ϭ 4), 0 mV (88 Ϯ 1%; n ϭ 5), or ϩ40 mV (86 Ϯ 3%; n ϭ 4). When applied at ϩ100 mV, however, Cd 2ϩ inhibited only 60 Ϯ 2% (n ϭ 4) of the pre-modified 5-HT-induced current (p Ͻ 0.05). Unfortunately, examining voltage dependence at more positive membrane potentials was not possible because the cell could not tolerate such large depolarizations.
Once Cd 2ϩ is bound within the pore, S2ЈC receptors recover slowly from inhibition at Ϫ40 mV (Fig. 3E) . We reasoned that if Cd 2ϩ senses the voltage drop across the pore, then recovery from Cd 2ϩ inhibition should be dependent on the absolute membrane potential (46) . To examine this possibility, maximal Cd 2ϩ inhibition was first induced at Ϫ40 mV (Figs. 6, A-C, gray bar; see "Experimental Procedures" for details). Recovery was studied by opening Cd 2ϩ -modified S2ЈC receptors at a pre-pulse voltage (Ϫ40, 0, ϩ40, or ϩ80 mV) and then measuring the amplitude of the 5-HT-induced current at Ϫ40 mV (test pulse) after each pre-pulse (Figs. 6, A, B, and D) . We selected a test pulse of Ϫ40 mV to reduce potential contamination by voltagegated conductances endogenous to the HEK-293T cells. Plotting the amplitude of 5-HT-induced current at Ϫ40 mV reveals the rate of recovery as a function of the pre-pulse potential (Fig.  6D) . Clearly, opening Cd 2ϩ -modified receptors at more positive voltages speeds the rate of recovery from Cd 2ϩ inhibition. Note that the recovery at Ϫ40 mV was slower than that at 0 or ϩ40 mV (see "Discussion").
To determine whether recovery occurred in the closed state, we depolarized Cd 2ϩ -modified receptors to ϩ80 mV in the absence of 5-HT followed immediately by a test pulse of 5-HT at Ϫ40 mV (Fig. 6C) . Significantly, positive membrane potentials did not accelerate recovery from Cd 2ϩ inhibition in the absence of 5-HT. Thus, voltage-dependent recovery occurred only when receptors were opened with 5-HT. The observation that the rate of recovery from Cd 2ϩ inhibition depends on the pre-pulse voltage supports the conclusion that Cd 2ϩ binds to the S2ЈC in the cytoplasmic selectivity filter, where it is driven out by voltage and current flow through the receptor pore. . The holding potential was Ϫ40 mV. B, current recording shows the recovery of S2ЈC receptors with a prepulse voltage of ϩ80 mV and a test pulse voltage of Ϫ40 mV. Note that the recovery of 5-HT-induced current is faster at ϩ80 mV than at Ϫ40 mV (A). The asterisk shows the inward current through S2ЈC receptors that occurs upon pulsing back to Ϫ40 mV immediately after 5-HT application at ϩ80 mV. C, recovery from Cd 2ϩ inhibition at positive potentials in the closed state with 5-HT. S2ЈC receptors were opened only at the holding potential of Ϫ40 mV. The average inhibition after the third pre-pulse at ϩ80 mV in the closed state is 88 Ϯ 3% (n ϭ 3) compared with 9 Ϯ 5% in the open state (n ϭ 6). D, the 5-HT-induced current (at Ϫ40 mV) after (Figs. 1, D and E) . There are two possible explanations for this outcome. First, the sulfhydryl side chains may not be in the proper orientation in the closed state to coordinate Cd 2ϩ (either too far apart or face away from the pore). Alternatively, the gate for the 5-HT 3A receptor could be situated on the extracellular side of the 2Ј site and, thus, prevents Cd 2ϩ from accessing the cytoplasmic region of the pore. To distinguish between these two possibilities we investigated the effect of Cd 2ϩ applied to the intracellular side of the closed receptor. Having established that S2ЈC, G-2ЈC, and E-1ЈC receptors retained the same rank order sensitivity to extracellular Cd 2ϩ when expressed in HEK-293T cells, we investigated the effect of intracellularly applied Cd 2ϩ on the wild-type and these three mutant 5-HT 3A receptors. Upon establishing a whole-cell configuration, the pipette solution, which contained Cd 2ϩ (200 M), began to exchange for the cell cytoplasmic solution (Fig. 7A) . Therefore, to establish a time point at which most of the receptors were not exposed to Cd 2ϩ , 5-HT-induced responses were recorded immediately after establishing a whole-cell configuration. Both wild-type and E-1ЈC receptors did not show appreciable inhibition of the 5-HT-induced current with intracellular Cd 2ϩ (Figs. 7, B and C) . Using these recording conditions, however, it was not possible to study the inhibition with Cd 2ϩ exclusively in the open state (because Cd 2ϩ is present throughout the duration of the recording) or exclusively in the closed state (since receptors must be opened to record current). To discern between open and closed state modification, we therefore examined Cd 2ϩ inhibition using two different stimulation protocols. In Protocol 1, cells were exposed to 5-HT (1.5 s) every 60 s until achieving steady state inhibition (Fig. 7D) . In Protocol 2, we stimulated cells once with 5-HT, washed for ϳ200 s, and then stimulated with 5-HT every 60 s until steady state inhibition was attained (Fig. 7E) . We reasoned that if the receptor coordinates Cd 2ϩ in the closed state, then the rate of inhibition will depend on the total time that Cd 2ϩ is exposed to the receptor. On the other hand, if Cd 2ϩ coordination occurs only in the open state, then the rate of inhibition will depend on the cumulative time that the receptor was open (exposed to 5-HT).
Intracellular Application of Cd 2ϩ to S2ЈC and G-2ЈC-Inhi-
When plotted as a function of cumulative time exposed to 5-HT, the time courses for the decrease in 5-HT-induced currents for Protocol 1 (Fig. 7F, closed circles) and Protocol 2 (open circles) do not overlap (Fig. 7F, inset) . By contrast, the time course of inhibition for the two protocols is indistinguishable when 5-HT-induced currents are plotted as a function of the total time exposed to Cd 2ϩ (Fig. 7F) . Similar results were obtained with G-2ЈC (see the legend to Fig. 7) . With both mutants, the 5-HT-induced current decreased along a single exponential time course with a time constant of ϳ85 s. The rate of Cd 2ϩ entry as well as the concentration of Cd 2ϩ at the pore is not known in these experiments; therefore, we cannot provide an estimate of the bimolecular rate of Cd 2ϩ modification. However, for comparison, (2-aminoethyl)methanethiosulfonate, which is much larger than Cd 2ϩ , has a time constant of modification of ϳ400 s when applied intracellularly to the G-2ЈC receptor of the nAChR in the closed state (13) . The ability of intracellularly applied Cd 2ϩ to inhibit 5-HT-induced current in the absence of 5-HT provides evidence that S2ЈC and G-2ЈC can coordinate Cd 2ϩ in their native closed states. . In Protocol 2, 5-HT was applied once, washed for 200 s, then followed by 5-HT pulses delivered every 60 s (E). Holding potential was Ϫ40 mV. F, the 5-HT-induced current was normalized to the first 5-HT pulse and plotted as a function of the total time of the recording for Protocol 1 (q) and Protocol 2 (E). Inset, the inhibition of current is plotted as a function of cumulative time exposed to 5-HT for both protocols. The smooth curve shows the exponential fit to the data. Note the superimposition when plotted as a function of total time, suggesting that S2ЈC and G-2CЈ also coordinate intracellular Cd 2ϩ in the closed state (S2ЈC, ϭ ϳ85 s with 97 Ϯ 1% inhibition; G-2ЈC, ϭ ϳ90 s and 82 Ϯ 2% inhibition; n ϭ 4 -7). E-1ЈC and wild-type receptors showed a 2 Ϯ 13% (n ϭ 7) and 11 Ϯ 9% (n ϭ 7) decrease in 5-HT-induced current, respectively, with 200 M intracellular Cd 2ϩ (not shown).
DISCUSSION
In this study we investigated the conformational changes that underlie opening of ligand-gated ion channels by taking advantage of the physiochemical properties of Cd 2ϩ and cysteines engineered into the 5-HT 3A receptor. By introducing a high affinity metal divalent binding site in a narrow region of the pore of the 5-HT 3A receptor, we showed that both native open and closed states of the receptor can coordinate Cd 2ϩ . Based on these results, we propose a model for receptor activation in which the cytoplasmic pore remains narrow during receptor gating (Fig. 8) .
Evidence That S2ЈC Coordinates Cd 2ϩ in the Pore of the 5-HT 3A Receptor-Of the 19 cysteine substitutions studied in the 5-HT 3A receptor, extracellular application of Cd 2ϩ in the open state led to the persistent inhibition of only two cysteinesubstituted receptors, G-2ЈC and S2ЈC. The engineered cysteines are located in the M1-M2 loop (G-2ЈC) and on the cytoplasmic side of the M2 helix (S2ЈC), a region known to be important for permeability and ion selectivity (15) (16) (17) (18) (19) (20) (21) (22) (23) . Because of the magnitude and persistence of inhibition in both oocyte and HEK-293T cell expression systems, we investigated in more detail the Cd 2ϩ inhibition of the S2ЈC receptor. Fortunately, the serine to cysteine mutation does not dramatically alter the side-chain polarity, length, or volume at this site in the lumen. Thus, the S2ЈC receptor probably retains the native wild-type cytoplasmic pore structure.
How does Cd 2ϩ coordination lead to an inhibition of 5-HTinduced current in the S2ЈC receptor? Divalent cations, such as Mg 2ϩ and Ca 2ϩ , have been shown to accelerate the 5-HTinduced desensitization of wild-type 5-HT 3A receptors (38) . Divalent cations have also been shown to modulate LGIC current by interacting with binding sites on the extracellular side of the receptor, such as the N-terminal domain or M2-M3 loop. Specifically, Zn 2ϩ has been shown to transiently modify LGIC current in a voltage-independent manner (47) (48) (49) . Therefore, one possibility is that Cd 2ϩ interacts with sites on the extracellular side of the receptor, where it inhibits current flow either by modulating gating (drawing the receptor into a desensitized state) or by affecting 5-HT binding at the ligand binding domain. However, recovery from Cd 2ϩ inhibition of S2ЈC receptors occurs only in the presence of 5-HT (Fig. 6) , indicating that Cd 2ϩ -bound channels must open and are, in fact, sensitive to 5-HT. Furthermore, recovery from Cd 2ϩ inhibition is voltage-dependent, whereas recovery from desensitization should be independent of voltage. In addition, voltagedependent recovery also shows that Cd 2ϩ senses the voltage drop across the receptor pore. This, taken together with the finding that inhibition is attenuated when Cd 2ϩ is applied in the presence of the open channel blocker diltiazem (Fig. 5) , indicates that the site of Cd 2ϩ inhibition is within the receptor pore.
Once in the pore, Cd 2ϩ could induce disulfide bond formation between the engineered cysteines, similar to the effect of oxidation with copper phenanthroline. A similar oxidizing mechanism was proposed to occur with MTS reagent exposure to cysteine-substituted ␥-aminobutyric acid, type A receptors (7). This scenario, however, is inconsistent with the observation that the rate of recovery from Cd 2ϩ inhibition was faster at more positive voltages. In addition, we were unable to inhibit 5-HT-induced current using the oxidizing agent copper phenanthroline, suggesting that the cysteine side chains are not in the proper orientation for disulfide bond formation. Thus, we propose that the inhibition of the S2ЈC receptor as well as the G-2ЈC receptor is caused by Cd 2ϩ binding to a high affinity binding site created by the introduced cysteines, where Cd 2ϩ sterically and/or electrostatically inhibits current flow.
With Cd 2ϩ bound to the cytoplasmic pore, where it can experience the voltage drop across the membrane, we expected the rate of recovery to depend on the membrane potential (5). For S2ЈC receptors, the recovery from Cd 2ϩ inhibition was slower at Ϫ40 mV than it was at ϩ40 mV. This result suggests that the ability of Cd 2ϩ to exit into the cytoplasm is less energetically favorable than exiting extracellularly (5). One possible explanation for a higher cytoplasmic energy barrier is that the structure underneath the M2 pore, which is formed by the M3-M4 loop, impedes Cd 2ϩ exiting into the cytoplasm. Consistent with this, the rate of inhibiting cysteine substitutions located in the 2Ј region is slow with intracellularly applied Cd 2ϩ (this study) or MTS reagents (13) . Furthermore, crystallographic studies on the nAChR revealed the presence of small fenestrations in the cytoplasmic walls of the protein, which could regulate ion flow into and out of the conduction pathway (50) . Although this suggests that something impedes Cd 2ϩ exiting into the cytoplasm, it is unlikely that an activation gate is located on the cytoplasmic side of the S2Ј site because S2ЈC binds intracellularly applied Cd 2ϩ in the closed state (cf. Ref. 13) .
Mechanism of Cd 2ϩ Inhibition-During the co-application of extracellular Cd 2ϩ and 5-HT, Cd 2ϩ abolished nearly 100% of the current flow of S2ЈC receptors in both oocytes (Fig. 1C) and HEK-293T cells (see Fig. 5D for expanded time scale). After Cd 2ϩ exposure, however, the 5-HT-induced current was larger than that during the co-application of Cd 2ϩ and 5-HT for S2ЈC expressed in both oocytes and HEK-293T cells. This suggests that during the co-application of Cd 2ϩ and 5-HT, S2ЈC exhibits two forms of Cd 2ϩ inhibition, a slowly reversible block (ex- tremely slow, if at all, in oocytes) and a rapidly reversible block that is relieved upon wash. The rapidly reversible block may be due to Cd 2ϩ acting as a reversible open channel blocker, similar to MTS reagents (9), or allosterically altering the response to 5-HT on the extracellular side of the receptor. The slowly reversible block, however, is most likely due to Cd 2ϩ coordination at the site of the 2Ј cysteines. Although the difference in the rate of recovery from Cd 2ϩ coordination is not clear, it is clear that S2ЈC receptors are potently inhibited with Cd 2ϩ in both expression systems.
Crystallographic and mutagenesis studies on metalloproteins and channels reveal some of the details of the coordination of metal cations by sulfhydryls (26, 28, 31, 32) . Cd 2ϩ is a soft metal cation (Lewis acid) that preferentially interacts with soft bases such as deprotonated sulfhydryl groups (S Ϫ ) (29) . Cd 2ϩ donates electrons from its orbital to the d or orbital of S Ϫ , thereby reducing the effective charge of Cd 2ϩ and forming a covalent Cd-S bond (29) . The coordination number for Cd 2ϩ with thiol groups is 4.6 (29), although sometimes 2 cysteine or histidine combinations are sufficient to coordinate Cd 2ϩ (26 -28, 30, 32) .
In the pentameric 5-HT 3A receptor, Cd 2ϩ coordination could be achieved with several different arrangements of cysteine side chains in the pore. A single Cd 2ϩ in the pore could be coordinated by four-five cysteines, similar to that found in some metalloproteins and channels (26, 30, 32, 51) . Alternatively, Cd 2ϩ could be coordinated along the perimeter of the pore, one between each subunit, as was recently suggested for a cysteinesubstituted hyperpolarization-activated cation channel (52) . Finally, pairs of sulfhydryl groups on adjacent subunits may coordinate Cd 2ϩ , as was suggested in cysteine-substituted homomeric glutamate A receptors (53) . In the present study we were unable to distinguish between the many possible coordination geometries in the pore. However, the ability of S2ЈC receptors to coordinate Cd 2ϩ in both the native open and closed configurations of the receptor places a restriction on the maximal diameter the pore attains in both states. Using the length of the Cd-S bond (2.1-2.5 Å; (28, 29, 36, 54) ), the ionic radius of Cd 2ϩ (0.91 Å), and assuming 5-fold pseudosymmetry in the 5-HT 3A homopentameric receptor, we can estimate a maximum pore diameter of ϳ7 Å if coordination occurs across the receptor pore. If Cd 2ϩ is coordinated by sulfhydryl moieties on adjacent subunits, the pore diameter can be as wide as ϳ11 Å (using the Pythagorean theorem). These distances are in good agreement with the lower pore size limit of 7.6 Å for native 5-HT 3 receptors (55) as well as 6.5 Å for the nAChR (5). Thus, the ability of S2ЈC sulfhydryl groups to coordinate Cd 2ϩ is consistent with the known geometry of the open LGIC pore.
The finding that S2ЈC and G-2ЈC receptors, but not E-1ЈC receptors, coordinated Cd 2ϩ applied from both the intra and extracellular sides of the pore suggests that 1) the mechanism of Cd 2ϩ inhibition is the same regardless of which side of the membrane Cd 2ϩ is applied, and 2) the side chains at the Ϫ2Ј and 2Ј sites can coordinate Cd 2ϩ in the native closed and open states of the receptor. Although we cannot be certain that Cd 2ϩ -bound S2ЈC receptors conduct current, modified receptors retain the ability to open in response to 5-HT (Fig. 6) , suggesting that Cd 2ϩ does not interfere with the receptor's gating machinery. Because sulfhydryl groups must remain within 7 Å to coordinate Cd 2ϩ , these findings suggest that the M2 helices and part of the M1-M2 loop move little relative to one another during receptor gating.
Mutating E-1Ј in different types of LGIC produces changes in ion selectivity, inward rectification, and single-channel conductance (15, 19, 20, 23, 56 ). E-1Ј likely faces the lumen of the pore, similar to S2Ј and G-2Ј, and can be modified by MTS reagents (9, 13, 57) . Thus, we were surprised to find that the E-1ЈC receptor was not inhibited with either intracellularly or extracellularly applied Cd 2ϩ with the same potency as S2ЈC or G-2ЈC receptors (Figs. 3 and 7) . One possible explanation is the Cd 2ϩ binding affinity of E-1ЈC is reduced because of a less optimal arrangement of cysteines in the pore. In the 4-Å structure of the closed nAChR, the E-1Ј is positioned at the apex of the M1-M2 loop with its side chains facing the intracellular vestibule, along the pore axis (6) . By contrast, the S2Ј side chains are located at the cytoplasmic end of the M2 helix, facing each other and forming the narrowest region of the pore (6) . This arrangement could lead to more potent Cd 2ϩ inhibition at the S2Ј site. The ability of G-2ЈC to coordinate Cd 2ϩ more effectively than E-1ЈC receptor, however, is not easily explained by the closed-state structure of the nAChR. Perhaps increasing the side-chain length, by substituting cysteine for glycine at the Ϫ2Ј position, brings the sulfhydryl groups closer to the central pore axis where they can coordinate Cd 2ϩ . A comparison of high resolution crystallographic structures of open and closed receptors is needed to further elucidate the precise position of side chains for amino acids in the selectivity filter.
Proposed Model for LGIC Gating; Minimal Structural Rearrangement in Selectivity Filter-The conformational changes that occur during LGIC activation are initiated by neurotransmitter binding to the ligand binding site of the N-terminal domain. This binding is thought to induce a rotation in the N-terminal domain that produces a conformational change in the M2 transmembrane domain, conveyed through the M2-M3 loop (58 -60) . The large conformational change within the pore presumably occurs at or near the receptor gate during activation (Fig. 8) . Although the precise location of the gate has been equivocal (8, 13) , the 4-Å density map of the nAChR (6) and recent MTS studies with glycine, ␥-aminobutyric acid, type A, and 5-HT 3 receptors implicate movement between the 6Ј and 13Ј positions (7, 9, 10, 57) . In support of this, linear free energy relationship analysis of mutant nAChRs suggested that the cytoplasmic side of M2 moves last upon activation after a wave of energy moving from the site of ligand binding down toward the cytoplasmic selectivity filter (61, 62) . Although linear free energy relationship analysis does not reveal information concerning the extent of movement, these studies suggest that for residues below the 11Ј site, the structure of the transition state (the highest energy state the receptor attains during gating) closely resembles that of the closed state. In addition, the M2 helices are close enough in the native open and closed states to allow for Cd 2ϩ coordination at the 2Ј site. Based on these studies, we propose that structural rearrangements are minimal at the 2Ј site while the receptor moves between open and closed states. A narrow pore is in accordance with the openstate structure of the cytoplasmic pore of the nAChR inferred by cysteine substitution studies of the M2 domain (13) . In these studies the ability to modify cysteines between positions E-1Ј and T2Ј with MTSET, a compound much larger than Cd 2ϩ (5.9-Å head group versus 1.82 Å), was slow in both the open and closed states, leading the authors to conclude that this region of the receptor pore is narrow in both states.
Based on initial structural studies of nAChRs, however, Unwin (8) proposed that the pore widens in the middle of M2, and the cytoplasmic selectivity filter rotates during activation. Thus, the outwardly splayed intracellular segments of M2 move closer together during receptor activation (8) . This type of motion, however, is difficult to reconcile with the Cd 2ϩ inhibition observed for S2ЈC 5-HT 3A receptors as well as the MTS studies of nAChRs (13) . Recently, Miyazawa et al. (6) describe a higher resolution structure of the closed nAChR, which places the side chains of the 2Ј amino acids closer than originally proposed. Although a significant conformational change is still postulated upon receptor activation, the position of the 2Ј site in the closed nAChR is remarkably compatible with the ability of S2ЈC 5-HT 3A receptor to coordinate Cd 2ϩ . These findings suggest that the selectivity filter of the Cys-loop family of LGIC may undergo minimal structural rearrangement during gating.
